Introduction
============

The phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases that phosphorylate the 3′-hydroxyl group of phosphatidylinositol (PtdIns) and phosphoinositides. The generated phospholipids are critical signaling molecules. Based on substrate specificity and sequence homology, PI3Ks are grouped into three classes: class I, class II, and class III ([@bib10]). Class I PI3Ks are divided into two groups, class IA and class IB. Class IA PI3Ks respond to both receptor tyrosine kinases (RTKs) and G protein--coupled receptors (GPCRs). They are heterodimeric proteins consisting of an 85-kD regulatory subunit and one of the three 110-kD catalytic subunits (p110-α, p110-β, and p110-δ; [@bib12]; [@bib6]; [@bib11]; [@bib15]). In vivo, class I PI3Ks are believed to preferentially phosphorylate PtdIns(4,5)P~2~ to generate PtdIns(3,4,5)P~3~, a pivotal signaling molecule that activates multiple downstream signaling cascades, including the Akt--TOR pathway ([@bib12]; [@bib6]; [@bib40]; [@bib11]; [@bib15]).

Class III PI3K is composed of a sole member, Vps34, that converts PtdIns to PtdIns(3)P. Vps34 is the only PI3K reported to be evolutionarily conserved from yeast to mammals ([@bib45]; [@bib2]). Vps34 exerts its lipid kinase activity by forming a protein complex with a putative Ser--Thr protein kinase Vps15. The interaction with Vps15 targets Vps34 to intracellular membranes and mediates the localized production of PtdIns(3)P that is essential for endocytic trafficking, and phagosome formation and maturation ([@bib45]; [@bib2]).

A major cellular event regulated by PI3Ks is autophagy ([@bib36]). Autophagy involves the sequestration of cellular constituents including macromolecules and organelles into double-membrane structures termed autophagosomes that later fuse with acidified late endosomes and lysosomes, leading to degradation of the enclosed constituents by lysosomal hydrolases ([@bib26]; [@bib30]; [@bib21]; [@bib25]; [@bib33]). During autophagy, the Vps34--Vps15 complex is diverted to autophagosome-specific intracellular membrane compartments by associating with a number of proteins including Beclin 1 and Atg14L (also known as Barkor; [@bib20]; [@bib43]; [@bib31]; [@bib42]; [@bib48]). This leads to localized production of PtdIn(3)P that recruits proteins containing FYVE domains and PX domains to the preautophagosomal membrane structure and triggers autophagy ([@bib28]; [@bib1]; [@bib18]; [@bib42]). In contrast to Vps34, the class IA PI3Ks are implicated in the inhibition of autophagy ([@bib36]), primarily by activating the Akt--TOR pathway that disrupts the autophagy-essential Atg1--Atg17--Atg13 complex ([@bib25]; [@bib7]). Hence, the current understanding is that class IA PI3Ks play an inhibitory role in autophagy by producing PtdIns(3,4,5)P~3~ that activates the Akt--TOR kinase pathway, whereas class III PI3K plays a stimulatory role by producing PtdIns(3)P that is essential for autophagosome formation. However, a direct function of the class IA PI3Ks on autophagy remains undetermined. Here, we use conditional gene knockout mice deficient in the class IA PI3K p110-α or p110-β catalytic subunit ([@bib29]) to study their involvement in the regulation of autophagy.

Results
=======

p110-β^−/−^ mouse embryonic fibroblasts have impaired autophagy
---------------------------------------------------------------

Mouse embryonic fibroblasts (MEFs) were isolated from *p110*-α^flox/flox^ and *p110-β*^flox/flox^ mice ([@bib29]) and immortalized using SV40 large T antigen. Expression of the Cre recombinase in *p110*-α^flox/flox^ or *p110-β*^flox/flox^ MEFs resulted in virtually complete loss of p110-α or p110-β protein, respectively ([Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201006056/DC1)). We hereafter refer to the flox/flox MEFs without Cre recombination as α^+/+^ or β^+/+^ MEFs, and the knockout cells as α^−/−^ or β^−/−^ MEFs. The steady-state level of p85 was not affected in α^−/−^ or β^−/−^ MEFs (Fig. S1 A). Consistent with previous reports ([@bib47]; [@bib14]; [@bib17]), α^−/−^ MEFs showed a significant decrease in Akt phosphorylation in response to RTK signaling such as that triggered by EGF, PDGF, and insulin (Fig. S1 B), whereas β^−/−^ MEFs were defective in GPCR signaling triggered by lysophosphatidic acid (LPA; Fig. S1, C and D).

When observed by electron microscopy (EM), β^+/+^ MEFs upon serum deprivation displayed an increase in double-layered membrane structures enclosing electron-dense material, characteristic of autophagosomes ([Fig. 1 A](#fig1){ref-type="fig"}). In sharp contrast, β^−/−^ MEFs failed to show autophagosome formation upon serum deprivation. Rather, deformed mitochondria and accumulation of ribosome aggregates were observed in β^−/−^ MEFs ([Fig. 1 A](#fig1){ref-type="fig"}), consistent with previous observations made in autophagy-deficient cells ([@bib22]; [@bib23]; [@bib24]). To confirm a defect in autophagy, we examined the autophagy-mediated degradation of long-lived proteins, as well as the lysosomal activity that is associated with autophagy using the pH-dependent lysosomal dye LysoTracker red. β^+/+^ MEFs showed a higher basal level of long-lived protein degradation and lysosomal activity than β^−/−^ MEFs ([Fig. 1, B and C](#fig1){ref-type="fig"}). Serum deprivation further enhanced the long-lived protein degradation and lysosomal activity in β^+/+^ MEFs, but the enhancement was markedly impaired in β^−/−^ MEFs ([Fig. 1, B and C](#fig1){ref-type="fig"}).

![**Autophagy is impaired in β^−/−^ MEFs.** (A) β^+/+^ and β^−/−^ MEFs were cultured in complete (untreated) or serum-free medium for 6 h, then observed under an electron microscope. Note the appearance of autophagosomes in serum-deprived β^+/+^ MEFs, indicated by arrowheads. A higher magnification view of an autophagosome is shown in the inset. In β^−/−^ MEFs, deformed mitochondria are indicated by arrows. In serum-deprived β^−/−^ MEFs, aggregated ribosomes are indicated by asterisks. Nu, nucleus. (Right) Quantification of autophagic vacuoles per cell. Error bars = SEM; *n* = 10; \*, P \< 0.05; \*\*\*, P \< 0.0001. (B) MEFs were labeled with ^14^C-valine for 24 h and cultured in complete or serum-free medium for 6 h. Degradation of long-lived proteins was measured and normalized. Data presented are averages of three independent experiments ± SEM; \*, P \< 0.05; \*\*\*, P \< 0.0001. (C) MEFs were cultured in complete or serum-free medium for 6 h. Cells were stained with LysoTracker red and subjected to flow cytometry analysis. Data shown are representative of three independent experiments. (D) MEFs were cultured in glucose-free medium for 12 h, serum-free medium for 6 h, or treated with 25 µM etoposide for 6 h in the presence or absence of lysosomal inhibitors E64D and PepA. Cell lysates were probed for LC3 and β-tubulin. Quantification of LC3-II/β-tubulin from three independent immunoblots is shown. Data presented are the mean values normalized to β^+/+^ untreated condition. \*, P \< 0.05; \*\*, P \< 0.005. (E) β^−/−^ and p110-β--reconstituted β^−/−^ MEFs were left untreated or serum starved for 6 h in the presence of E64D and PepA. Cell lysates were subjected to LC3 and β-tubulin immunoblotting. Quantification of LC3-II/β-tubulin from three independent experiments is shown. \*, P \< 0.05; \*\*, P \< 0.005. (F) MEFs with indicated genotypes expressing GFP-LC3 were treated as indicated. Cells were observed under a deconvolution fluorescence microscope. Representative images are shown. Quantification of autophagic cells was determined as described in Materials and methods. Data shown are averages of at least five blind countings ± SD. \*, P \< 0.05; \*\*, P \< 0.005. Bar, 20 µm.](JCB_201006056_RGB_Fig1){#fig1}

To further determine the effect of *p110-β* gene deletion on autophagy, we exposed the MEFs, in the absence or presence of lysosomal peptidase inhibitors E64D and pepstatin A ([@bib21]; [@bib34]), to a number of known autophagy-inducing conditions including glucose deprivation, serum deprivation, and the DNA-damaging agent etoposide. The conversion of microtubule-associated protein 1 light chain 3 (LC3) from its cytosolic form (LC3-I) to a membrane-bound form (LC3-II) was examined as a molecular marker for autophagosomal formation. All autophagy-inducing conditions resulted in accumulation of LC3-II in β^+/+^ cells, whereas the accumulation of LC3-II was markedly lower in β^−/−^ MEFs ([Fig. 1 D](#fig1){ref-type="fig"}). Reconstitution of β^−/−^ MEFs with p110-β restored LC3 conversion ([Fig. 1 E](#fig1){ref-type="fig"}). The inconsistency of the intensity of LC3-I in the immunoblots throughout the study was noted. This is possibly due to the various batches of LC3 antibodies from different resources. Nevertheless, we normalized the intensity of LC3-II against that of β-tubulin to determine autophagy induction. In addition to the LC3 immunoblot analysis, the ability of GFP-tagged LC3 to form autophagic puncta has been used to monitor autophagy ([@bib19]). β^+/+^ and p110-β--reconstituted β^−/−^ MEFs expressing GFP-LC3 showed a change from a diffuse pattern to a punctate pattern upon autophagic stimuli, whereas both the size and number of GFP-LC3 puncta were markedly reduced in β^−/−^ MEFs ([Fig. 1 F](#fig1){ref-type="fig"}). In agreement with the positive role of p110-β in autophagy, knockdown of p110-β by shRNA in HEK293 cells resulted in accumulation of p62/SQSTM1, as well as impaired LC3-II formation ([Fig. S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201006056/DC1)).

In contrast to β^−/−^ MEFs, α^−/−^ MEFs showed similar or slightly enhanced autophagy compared with α^+/+^ MEFs, as indicated by EM ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201006056/DC1)), LysoTracker red staining (Fig. S3 B), LC3 conversion (Fig. S3 C), and GFP-LC3 puncta formation (Fig. S3 D). Taken together, these results demonstrated that p110-β, but not p110-α, is required for autophagy.

Ectopic expression of p110-β stimulates autophagy
-------------------------------------------------

To examine the converse of *p110-β* gene deletion, Flag-tagged p110-β was ectopically expressed in HEK293 cells. With serum deprivation, the p110-β--overexpressing cells maintained higher Akt phosphorylation than control cells ([Fig. 2 A](#fig2){ref-type="fig"}). Despite the elevated Akt phosphorylation, the amount of LC3-II was significantly higher in cells expressing Flag--p110-β, whereas the steady-state levels of the key autophagy regulators Beclin 1 and Vps34 remained unchanged ([Fig. 2 A](#fig2){ref-type="fig"}). In another HEK293 line where we stably expressed GFP-LC3, overexpression of p110-β, but not p110-α, enhanced the generation of GFP--LC3-II (Fig. S2 C). In addition, an increased amount of the cleaved free-GFP was observed in Flag-p110-β--expressing cells, suggesting an enhanced autophagy flux (Fig. S2 C). Similarly, expression of Flag--p110-β markedly increased the number and size of GFP-LC3 puncta both at the basal state and upon nutrient starvation in HeLa cells ([Fig. 2 B](#fig2){ref-type="fig"}). These results support a stimulatory role of p110-β in autophagy, and suggest that the autophagy-promoting role of p110-β is dominant over the inhibitory effect imposed by elevated Akt activity.

![**Overexpression of p110-β stimulates autophagy.** (A) HEK293 cells were transfected with vector or Flag--p110-β expression construct. 48 h after transfection, cells were left untreated or serum starved for 12 h. Cell lysates were immunoblotted with indicated antibodies. Quantification of the relative LC3-II/β-tubulin ratio is shown. (B) HeLa cells were transfected with GFP-LC3 construct, together with empty vector or Flag--p110-β expression construct. 48 h after transfection, cells were cultured in complete medium or in Hank's buffer for 4.5 h. Cells were fixed and observed under a fluorescence microscope. Representative images were taken, and quantification of autophagic cells is shown. Data presented are average of four blind countings ± SD. \*\*, P \< 0.005. Bar, 20 µm.](JCB_201006056_GS_Fig2){#fig2}

p110-β does not act through the Akt--TOR pathway to promote autophagy
---------------------------------------------------------------------

The canonical PI3K--Akt--TOR pathway plays an inhibitory role in autophagy ([@bib28]; [@bib25]). However, our observation above suggested that p110-β positively regulates both Akt and autophagy ([Fig. 2 A](#fig2){ref-type="fig"}). One explanation for this apparent paradox is that p110-β has two distinct functions: one is to promote Akt activation, and the other to promote autophagy. We went on to examine whether inhibition of Akt and TOR can induce autophagy in the absence of p110-β. β^+/+^ and β^−/−^ MEFs were treated with pharmacological inhibitors of Akt (Akti) or TOR (rapamycin). In β^+/+^ MEFs growing in complete medium, both inhibitors stimulated autophagy as indicated by LC3 conversion ([Fig. 3 A](#fig3){ref-type="fig"}) and GFP-LC3 puncta formation ([Fig. 3, B and C](#fig3){ref-type="fig"}), and the induction of autophagy was further enhanced when cells were deprived of glucose or serum ([Fig. 3 A](#fig3){ref-type="fig"}). In sharp contrast, autophagy induced by Akt and TOR inhibitors was dramatically reduced in β^−/−^ MEFs under all of these conditions ([Fig. 3, A--C](#fig3){ref-type="fig"}). The failure of p110-β kinase--specific inhibitor TGX-221 to inhibit autophagy ([Fig. 3 A](#fig3){ref-type="fig"}) suggests that p110-β kinase activity may not be required for regulating autophagy, a point we will discuss later. Together with our finding that overexpression of p110-β could stimulate Akt phosphorylation and autophagy simultaneously ([Fig. 2 A](#fig2){ref-type="fig"}), these data indicate that p110-β--mediated autophagy is independent of Akt--TOR signaling.

![**p110-β promotes autophagy independently of the Akt--TOR pathway.** (A) β^+/+^ and β^−/−^ MEFs were left untreated or treated with 5 µM Akt inhibitor (Akti), 20 nM rapamycin (Ra), or 500 nM TGX-221 (TGX, pretreated overnight) in complete medium or in combination with glucose deprivation (12 h), or serum deprivation (6 h), all in the presence of lysosomal inhibitors E64D and PepA. Cell lysates were immunoblotted for LC3 and β-tubulin. (B) β^+/+^ and β^−/−^ MEFs stably expressing GFP-LC3 were treated with 5 µM Akti or 20 nM rapamycin for 12 h. Cells were observed under a deconvolution fluorescence microscope. Representative images are shown. Bar, 20 µm. (C) Quantification of autophagic cells in MEFs stably expressing GFP-LC3 in response to indicated treatments. Data shown are averages of at least three blind countings ± SD. \*, P \< 0.05; \*\*, P \< 0.005.](JCB_201006056_GS_Fig3){#fig3}

p110-β modulates the level of cellular PtdIns(3)P and Vps34 catalytic activity
------------------------------------------------------------------------------

We next determined the molecular mechanisms through which p110-β regulates autophagy. The steady-state levels of the key autophagy regulators Vps34, Beclin 1, Atg14L, and Rubicon appeared unaltered in β^−/−^ MEFs ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201006056/DC1)), and the expression levels of Beclin 1, Vps34, and Rubicon remained unaltered in β^−/−^ livers (Fig. S4 B). The decreased lysosomal acidification in β^−/−^ MEFs ([Fig. 1 C](#fig1){ref-type="fig"}), however, indicated a possible deficiency in endosomal and lysosomal maturation in these cells. In fact, expression of a GFP-conjugated FYVE domain that specifically binds to PtdIns(3)P on endosomes and indicates endo-lysosomal activities revealed decreased GFP puncta in β^−/−^ MEFs compared with β^+/+^ MEFs ([Fig. 4 A](#fig4){ref-type="fig"}). This finding suggests that β^−/−^ MEFs have decreased level of PtdIns(3)P, a lipid that is required for autophagy. To test this, we used a protein--lipid overlay assay to measure the intracellular level of PtdIns(3)P. The specificity of the assay was confirmed using a number of different PtdIns species as negative controls, and by treating cells with 3-methyladenine (3-MA), a pharmacological inhibitor of Vps34 that resulted in a decreased level of intracellular PtdIns(3)P ([Fig. 4 B](#fig4){ref-type="fig"}). A decrease of ∼30% in the steady-state level of PtdIns(3)P was detected in β^−/−^ MEFs as compared with β^+/+^ cells ([Fig. 4 B](#fig4){ref-type="fig"}). Reconstitution of p110-β in β^−/−^ MEFs restored PtdIns(3)P levels ([Fig. 7 E](#fig7){ref-type="fig"}). The decreased amount of PtdIns(3)P in β^−/−^ MEFs was also detected by flow cytometry using a PtdIns(3)P-specific antibody, similar to the decreased level of PtdIns(3,4,5)P~3~ in the β^−/−^ MEFs ([Fig. 4 C](#fig4){ref-type="fig"}).

![**p110-β positively regulates PtdIns(3)P level and Vps34 catalytic activity.** (A) β^+/+^ and β^−/−^ MEFs stably expressing GFP-FYVE were observed under a deconvolution fluorescence microscope. Representative images (left) and quantification of GFP-FYVE puncta per cell (right) are shown. Bar, 20 µm. \*\*\*, P \< 0.0001; *n* \> 20; error bars = SEM. (B) Total cellular lipids were extracted from β^+/+^, β^−/−^, and β^+/+^ MEFs treated with 1 mM 3-MA for 12 h. The lipid extracts were subjected to protein--lipid overlay analysis for PtdIns(3)P content. PtdIns(3)P standard and other PtdIns species were used as controls. Data shown are representative of three independent experiments. Quantification of total cellular PtdIns(3)P normalized against total protein is shown on the right (*n* = 3 for β^+/+^ and β^−/−^; *n* = 2 for β^+/+^ +3-MA; \*\*, P \< 0.005; error bars = SEM). (C) β^+/+^ and β^−/−^ MEFs were stained with antibodies against PtdIns(3)P or PtdIns(3,4,5)P~3~, and subjected to flow cytometry analysis. (D and E) HEK293T cells were transfected with indicated plasmids. 48 h after transfection, cell lysates were subjected to immunoprecipitation using Myc antibody-conjugated agarose (D) or GFP antibody and protein A--conjugated agarose (E). 75% of the precipitates were assayed for Vps34 catalytic activity, and 25% of the precipitates were immunoblotted with indicated antibodies. Vps34 activity is calculated as the amount of PtdIns(3)P generated normalized against the amount of Vps34 present in the precipitates. IP reaction using IgG isotype control showed no activity over the background scintillation readings. Representative autoradiographs of the in vitro Vps34 assay results and the corresponding immunoblots are shown on the left. Quantification of Vps34 activity and Beclin 1--associated Vps34 activity are shown on the right. Data shown are average of three independent experiments ± SEM. \*, P \< 0.05. (F) Purified p110-β/p85-α was assayed under p110-β or Vps34 assay conditions. Results shown are the average of duplicate experiments.](JCB_201006056_RGB_Fig4){#fig4}

Vps34 is the predominant kinase that produces intracellular PtdIns(3)P and promotes autophagy, as part of a complex with Vps15 and Beclin 1 ([@bib42]). We thus examined if p110-β affects PtdIns(3)P levels by modulating Vps34 activity. The bicistronic Myc--Vps34--V5--Vps15 expression construct ([@bib46]) and the Beclin 1--GFP construct were cotransfected into HEK293T cells with or without Flag--p110-β. Vps34 kinase activity was then assayed in anti-Myc or anti-GFP immunoprecipitates using PtdIns as a substrate. In both assays, Vps34 kinase activity was enhanced in the presence of p110-β ([Fig. 4, D and E](#fig4){ref-type="fig"}). The increased conversion of PtdIns to PtdIns(3)P in the assay was not due to phosphorylation of PtdIns by p110-β because p110-β exhibits little kinase activity in the assay conditions used to measure Vps34 activity ([Fig. 4 F](#fig4){ref-type="fig"}). Taken together, these results indicate that p110-β promotes Vps34 kinase activity and PtdIns(3)P production, a process prerequisite for autophagosome formation.

p110-β is required for the early stage of autophagosome formation
-----------------------------------------------------------------

PtdIns(3)P is known to regulate both endocytic and autophagic pathways ([@bib5]). As we observed that the PtdIns(3)P level and autophagy are lower in β^−/−^ cells, we went on to determine whether the autophagic pool of PtdIns(3)P is affected by p110-β. DFCP1 (double FYVE domain--containing protein 1) has recently been shown to relocalize from the ER/Golgi to omegasome, the precursor membrane structure of autophagosome, in a PtdIns(3)P-dependent manner upon autophagy induction ([@bib1]). To test if the formation of the omegasome structure is affected in the β^−/−^ MEFs, we expressed GFP-DFCP1 in β^+/+^ and β^−/−^ MEFs. Under fed state, β^+/+^ MEFs displayed a diffuse pattern of GFP-DFCP1, which turned into a punctuate pattern upon serum starvation or Hank's buffer treatment ([Fig. 5 A](#fig5){ref-type="fig"}), consistent with previous reports ([@bib1]; [@bib37]). In contrast, under fed condition, β^−/−^ MEFs showed an accumulation of GFP-DFCP1 puncta, which appeared to form aggregates that differed from the starvation-induced puncta in β^+/+^ MEFs ([Fig. 5 A](#fig5){ref-type="fig"}). The accumulation of the abnormal GFP-DFCP1 puncta in β^−/−^ cells is reminiscent of that observed in cells deficient in WIPI2, which is localized to omegasomes and promotes LC3 lipidation ([@bib37]). Importantly, upon starvation, the amount of GFP-DFCP1 puncta in β^−/−^ MEFs was significantly lower than that in β^+/+^ MEFs ([Fig. 5 A](#fig5){ref-type="fig"}), indicating a deficient autophagy pool of PtdIns(3)P in β^−/−^ MEFs. Consistent with this, another PtdIns(3)P-dependent event during early autophagosome formation, Atg5--Atg12 conjugation ([@bib39]), was also compromised in β^−/−^ MEFs ([Fig. 5 B](#fig5){ref-type="fig"}).

![**Early stage of autophagosome formation is suppressed in β^−/−^ MEFs.** (A) β^+/+^ and β^−/−^ MEFs were transfected with GFP-DFCP1 expression construct. 24 h after transfection, cells were cultured in complete medium, serum-free medium (6 h), or Hank's buffer (2 h). Cells were fixed, observed, and imaged under a deconvolution fluorescence microscope. Only cells with moderate levels of GFP signal were quantified and imaged. Representative images are shown. Bar, 20 µm. Quantification of GFP puncta per cell is shown on the right. Error bars = SEM; *n* = 10; \*, P \< 0.05; \*\*\*, P \< 0.001; N.S., nonsignificant. (B) β^+/+^, β^−/−^, and p110-β--reconstituted β^−/−^ MEFs lysates were probed for Atg5 and β-tubulin antibodies. The quantification of relative Atg5--Atg12 conjugation is shown on right. Data shown are the mean values from three independent experiments (\*, P \< 0.05; N.S., nonsignificant; error bars = SEM).](JCB_201006056_GS_Fig5){#fig5}

To further confirm the early stage of autophagy influx is deficient in β^−/−^ MEFs, we expressed the mCherry--GFP-LC3 construct in our MEFs. Owing to the more stable nature of mCherry than GFP in the acidified compartment, the relative amount of the yellow puncta (represent autophagosomes as a result of the merged green and red signals) and the red puncta (represent autolysosomes) can be used to indicate whether the early or late steps of the autophagic flux are affected ([@bib34]). β^−/−^ MEFs displayed significantly less yellow and red puncta than β^+/+^ MEFs, in both basal state and under serum deprivation (Fig. S4 C). These data indicate that the lower PtdIns(3)P level in β^−/−^ MEFs has a major impact on the early stage of autophagosome formation. In line with these observations, the β^−/−^ livers displayed significantly less Beclin 1--GFP puncta upon fasting ([Fig. S5](http://www.jcb.org/cgi/content/full/jcb.201006056/DC1)), supporting a defect in the early stage of autophagosome formation that is mediated by Beclin 1--Atg14L interaction ([@bib43]; [@bib31]; [@bib48]).

p110-β is a component of the autophagy-promoting Vps34--Vps15--Beclin 1--Atg14L complex
---------------------------------------------------------------------------------------

In mammalian cells, the autophagy-essential PtdIns(3)P is known to be produced by the Vps34--Vps15--Beclin 1 complex. It has been recently reported that Rab5 can also participate in the autophagosome formation through its interaction with the Vps34--Beclin 1 complex ([@bib39]). p110-β, but not p110-α, has been reported to directly associate with Rab5 ([@bib8]). These studies suggested to us that p110-β may participate in autophagy induction as part of the Rab5--Vps34--Beclin1 complex. Indeed, in the Vps34 assays, p110-β was observed to coprecipitate with Vps34 ([Fig. 4 D](#fig4){ref-type="fig"}) and Beclin 1 ([Fig. 4 E](#fig4){ref-type="fig"}). We confirmed that Rab5 immunoprecipitation was able to bring down overexpressed Vps15 and Vps34, as well as Flag--p110-β ([Fig. 6 A](#fig6){ref-type="fig"}). Furthermore, Rab5 pulled down endogenous p110-β, but not p110-α ([Fig. 6 B](#fig6){ref-type="fig"}). We then went on to test whether p110-β associates with the Vps34--Vps15--Beclin 1 complex. We found that Vps34 immunoprecipitation pulled down Vps15 and p110-β ([Fig. 6 C](#fig6){ref-type="fig"}), and likewise, p110-β immunoprecipitation pulled down Vps15 and Vps34 ([Fig. 6 D](#fig6){ref-type="fig"}). Vps15 immunoprecipitation pulled down Vps34 and p110-β, but not p110-α ([Fig. 6 E](#fig6){ref-type="fig"}). The presence of p110-β in the Vps34--Vps15 complex appeared unchanged or slightly enhanced upon serum deprivation ([Fig. 6, C and D](#fig6){ref-type="fig"}). We also detected interaction between endogenous p110-β and Beclin 1 by immunoprecipitation ([Fig. 6, F and G](#fig6){ref-type="fig"}). Further studies with endogenous proteins were not done due to the limitation of available antibodies for Vps34 and Vps15 immunoprecipitations.

![**p110-β is a component of the Vps34--Vps15--Beclin 1--Atg14L complex.** (A) HEK293T cells were transfected with indicated plasmids. Cell lysates were subjected to immunoprecipitation using IgG control or GFP antibody. The lysates and precipitates were analyzed with indicated antibodies. (B) GFP-Rab5--transfected HEK293T cells were subjected to immunoprecipitation, and the precipitates were immunoblotted with indicated antibodies. (C--E) HEK293T cells were transfected with indicated plasmids. Cells were either cultured in complete medium or in serum-free medium for 12 h. Cell extracts were made and subjected to immunoprecipitation using Myc, Flag, or V5 antibodies. The precipitates together with lysates were subjected to immunoblotting with indicated antibodies. (F and G) 293T (F) or MCF10A (G) cell lysates were subjected to immunoprecipitation using IgG, Beclin 1, or p110-β antibodies. The precipitates together with cell lysates were analyzed with indicated antibodies. (H and I) β^−/−^ and p110-β--reconstituted β^−/−^ MEFs were cultured in complete medium or in serum-free medium for 6 h. Cell extracts were subjected to immunoprecipitation using IgG control, p110-β antibody (H), or Atg14L and Rubicon antibodies (I). The precipitates and cell lysates were analyzed with indicated antibodies. (J) HeLa cells were transfected with Flag--p110-β together with GFP-Atg14L constructs. Cells were left untreated or starved in Hank's buffer for 4 h. The cells were fixed and stained with Flag and Alexa 594--conjugated antibodies, and observed under a confocal fluorescence microscope. Representative images with green, red, or merged channels are shown.](JCB_201006056_RGB_Fig6){#fig6}

The Vps34--Vps15--Beclin 1 complex has been shown to interact with different partners and act at distinct stages of the autophagy pathway. The complex with Atg14L is known to promote autophagosome initiation, whereas the complex with UVRAG and Rubicon mainly regulates autophagosome maturation ([@bib27]; [@bib43]; [@bib31]; [@bib42]; [@bib48]). We thus asked whether p110-β interacts with the Atg14L, or UVRAG and Rubicon-containing complexes. We used the human p110-β--reconstituted β^−/−^ MEFs to perform immunoprecipitation because our Atg14L and Rubicon antibodies preferentially recognize mouse antigens, whereas our p110-β antibody preferentially recognizes human p110-β. We found that p110-β immunoprecipitation pulled down Atg14L, but not UVRAG or Rubicon ([Fig. 6 H](#fig6){ref-type="fig"}). Likewise, Atg14L, but not Rubicon immunoprecipitation was able to bring down p110-β ([Fig. 6 I](#fig6){ref-type="fig"}). Immunofluorescence analysis confirmed that p110-β colocalized at least partially with Atg14L, both at fed and starved conditions ([Fig. 6 J](#fig6){ref-type="fig"}). Taken together, these data demonstrate that p110-β associates and colocalizes with the autophagy-promoting Vps34--Vps15--Beclin 1--Atg14L complex that generates PtdIns(3)P and is required for autophagosome initiation.

p110-β promotes autophagy and PtdIns(3)P production independently of its kinase activity
----------------------------------------------------------------------------------------

It has been reported that p110-β associates with a protein complex containing PtdIns 4- and 5-phosphatases that dephosphorylate PtdIns(3,4,5)P~3~ generated by p110-β to produce PtdIns(3)P in the endosomal compartment ([@bib41]). This mechanism would provide an alternate route for PtdIns(3)P production within the Vps34--Vps15--Beclin 1 complex that would require p110-β kinase activity. To test if p110-β kinase activity is required for autophagy, β^+/+^ MEFs were treated with TGX-221, a selective p110-β kinase inhibitor. TGX-221 did not inhibit LC3 conversion in basal state or under glucose or serum deprivation conditions ([Fig. 3 A](#fig3){ref-type="fig"}), suggesting that p110-β promotes autophagy independently of its kinase activity. To further address the kinase dependency issue, we reconstituted β^−/−^ MEFs with either wild-type p110-β or the kinase-dead p110-βK805R mutant. The p110-βK805R mutant showed similar capabilities in restoring GFP-LC3 puncta formation as that of p110-βWT ([Fig. 7, A and B](#fig7){ref-type="fig"}). In addition, both p110-βWT and p110-βK805R restored LC3 conversion to a similar extent ([Fig. 7 C](#fig7){ref-type="fig"}). Another kinase-dead mutant, p110-βN924K ([@bib3]) ([Fig. 7 D](#fig7){ref-type="fig"}), also restored LC3 conversion in β^−/−^ MEFs ([Fig. 7 D](#fig7){ref-type="fig"}). Expression of p110-βK805R also enhanced PtdIns(3)P production, as indicated by the lipid--protein overlay assay ([Fig. 7 E](#fig7){ref-type="fig"}), GFP-FYVE puncta formation ([Fig. 7 F](#fig7){ref-type="fig"}), and increased Vps34 kinase activity ([Fig. 7, G and H](#fig7){ref-type="fig"}). Similar to wild-type p110-β, both p110-βK805R and p110-βN924K were able to interact with Vps34 and Beclin 1 ([Fig. 7, I and J](#fig7){ref-type="fig"}). Taken together, these results strongly suggest that p110-β functions as a scaffold, within the Vps34--Vps15--Beclin 1 complex, to positively regulate Vps34 activity, PtdIns(3)P production, and autophagy.

![**p110-β promotes autophagy independently of its kinase activity.** (A) β^−/−^ MEFs expressing GFP-LC3 were stably reconstituted with construct expressing p110-βWT or p110-βK805R mutant. Cells were left untreated or serum starved for 6 h. Cells were fixed and imaged under a deconvolution fluorescence microscope. Representative images are shown. Bar, 20 µm. (B) Quantification of autophagic cell percentage of GFP-LC3--expressing MEFs upon indicated treatments. Data shown are averages of five blind countings ± SD. \*, P \< 0.05; \*\*, P \< 0.005. (C) The three cell lines were cultured in complete medium, glucose-free medium (12 h), or serum-free medium (6 h) in the presence of E64D and PepA. Cell lysates were immunoblotted with indicated antibodies. Quantification of LC3-II/β-tubulin is shown at bottom. (D, top) HEK293 cells were transfected with empty vector, or constructs expressing Flag-tagged p110-βWT or p110-βN924K. p110-β PI3K activity was assayed in Flag-immunoprecipitates. Results show an autoradiograph from duplicate assays. (Bottom) β^+/+^, β^−/−^, and β^−/−^ MEFs reconstituted with p110-βN924K mutant were cultured in serum-free medium for 6 h in the presence of E64D and PepA. Cell extracts were probed for LC3 and β-tubulin, and the ratio of LC3-II/β-tubulin is shown. (E) MEFs with indicated genotypes were subject to protein--lipid overlay analysis for PtdIns(3)P content. Quantification of total cellular PtdIns(3)P normalized against total protein is shown on the right. Data shown are the mean values from three independent experiments (\*, P \< 0.05; N.S., nonsignificant; error bars = SEM). (F) HeLa cells were transfected with GFP-FYVE, together with vector control, Flag--p110-βWT, or Flag--p110-βK805R construct. 48 h after transfection, cells were fixed and observed under a deconvolution fluorescence microscope. Bar, 20 µm. Cells with over 100 GFP puncta were quantified and presented. Data shown within each group are the average of at least five independent countings with over 200 cells. Error bars = SD. \*, P \< 0.05; N.S., nonsignificant. (G and H) HEK293T cells overexpressing Myc--Vps34--V5--Vps15, Beclin 1--GFP, together with vector control or Flag--p110-βK805R were subjected to immunoprecipitation using an anti-Myc antibody (G) or a GFP antibody (H). Vps34 activity was determined. Data presented are the average of three independent experiments; error bars = SEM. \*, P \< 0.05. (I) HEK293T cells were transfected with the Myc--Vps34--V5--Vps15 bicistronic plasmid, together with empty vector or constructs expressing wild-type or kinase-dead p110-β mutants. Cell lysates were subject to immunoprecipitation using an anti-Myc antibody. The precipitates were immunoblotted for Myc and p110-β. (J) HEK293T cells were transfected with constructs expressing wild-type or kinase-dead p110-β mutants. Cell lysates were subject to immunoprecipitation using IgG or Beclin 1 antibody. The precipitates were probed for Beclin 1 and p110-β.](JCB_201006056_GS_Fig7){#fig7}

Deficiency of p110-β results in impaired autophagy in vivo
----------------------------------------------------------

To investigate the role of p110-β in regulating autophagy in vivo, we tested autophagy response in the liver and the heart. The liver is one of the best characterized organs where autophagy plays an important physiological role ([@bib22]). Here, *p110-β*^flox/flox^ mice were bred with albumin-*Cre* mice, in which expression of the Cre recombinase is under the control of the liver-specific albumin promoter resulting in deletion of floxed genes by 6 wk after birth ([@bib38]). Successful deletion of p110-β was confirmed in 8-wk-old mice (unpublished data). Littermates with either *p110-β*^flox/flox^; albumin-*Cre*^−^ or *p110-β*^wt/wt^; albumin-*Cre*^+^ genotypes were used as controls for the possible effect of either floxed *p110-β* or Cre. Because no obvious differences between these two groups were observed, we refer to both control lines as β^+/+^ and hereafter do not distinguish between them. Upon 24 h of fasting, protein content significantly decreased in β^+/+^ livers, but fasting-induced liver protein degradation was suppressed in β^−/−^ livers ([Fig. 8 A](#fig8){ref-type="fig"}). We did not observe an increase in protein content in β^−/−^ livers under fed condition as that of *Atg7*^−/−^ livers ([@bib22]), most likely because p110-β is also required for normal growth. Indeed, the p110-β kinase--deficient mice showed severe growth retardation ([@bib9]). Compared with the β^+/+^ liver, EM analysis revealed deformed mitochondria and deficient formation of hyaloplasmic glycogen areas in β^−/−^ livers ([Fig. 8 B](#fig8){ref-type="fig"}), reminiscent of the autophagy-deficient *Atg7*^−/−^ liver ([@bib22]). After 24 h fasting, the β^+/+^ liver showed accumulation of autophagosomes, whereas the β^−/−^ liver did not ([Fig. 8 B](#fig8){ref-type="fig"}). Western blotting of liver lysates showed elevated levels of polyubiquitinated proteins and p62 in the β^−/−^ liver ([Fig. 8, C and D](#fig8){ref-type="fig"}). To further study the involvement of p110-β in liver autophagy, *p110-β*^flox/flox^ mice were bred with GFP-LC3 transgenic mice ([@bib32]), then with the albumin-*Cre* mice. A 24-h fast resulted in the accumulation of GFP-LC3 puncta in the β^+/+^ liver, whereas this response was markedly decreased in the β^−/−^ liver ([Fig. 8 E](#fig8){ref-type="fig"}). Similarly, Beclin 1--GFP knock-in mice ([@bib48]) were bred with *p110-β*^flox/flox^; albumin-*Cre* mice. Although a 24-h fast resulted in accumulation of Beclin 1--GFP puncta in the β^+/+^ liver, this response was markedly impaired in the β^−/−^ liver (Fig. S5), suggesting a defect in the early stage of autophagy. In addition to the liver, we investigated fasting-induced autophagy in the p110-β^−/−^ heart. *p110-β*^flox/flox^ mice were bred with MCK-*Cre* mice ([@bib4]) to delete p110-β in cardiac and skeletal muscles (unpublished data), then with GFP-LC3 mice. 48 h of fasting dramatically induced GFP-LC3 puncta in the β^+/+^ heart, whereas it failed to do so in the β^−/−^ heart ([Fig. 8 F](#fig8){ref-type="fig"}).

![**Autophagy is impaired in p110-β-deficient liver and heart.** (A) Gender- and age-paired 8- to 10-wk-old mice with indicated genotypes were fed or fasted for 24 h. Liver weight, body weight, and liver protein concentrations were measured. Data presented are the normalized average values ± SEM; *n* = 5 within each group; \*, P \< 0.05; N.S., nonsignificant. (B) Electron micrographic images of livers from 8-wk-old fed or 24-h fasted mice. Deformed mitochondria are indicated by arrow in the β^−/−^ liver. In fasted livers, autophagosomes are labeled with arrowheads. Higher magnification view of a representative autophagosome is shown in the inset. Note the swollen mitochondria in fasted β^−/−^ liver. Gly, glycogen area; Nu, nucleus. (C) Total lysates were made from β^+/+^ and β^−/−^ livers, and probed for ubiquitin and β-tubulin. Data shown are representative of three independent pairs of animals. (D) Total liver lysates from fed or 24-h fasted mice with indicated genotypes were generated, and immunoblotted for p62. Ponceau S staining is shown for equal loading. (E) 8-wk-old GFP-LC3 transgenic mice with indicated liver genotypes were fed or fasted for 24 h. Cryosections of the livers were observed under a deconvolution fluorescence microscope. Representative images are shown. Bar, 20 µm. (F) GFP-LC3 transgenic mice with indicated heart genotypes were fed or fasted for 48 h. Heart cryosections were observed and representative images are shown. Bar, 20 µm. Note the increase in GFP-LC3 puncta in fasted β^+/+^ liver and heart, which are impaired in fasted β^−/−^ mice.](JCB_201006056_GS_Fig8){#fig8}

Besides starvation-induced autophagy, we also tested autophagy induced by pressure overload in the heart by TAC ([@bib50]). In this study, p110-β is deleted in the heart of adult MerCreMer; *p110-β*^flox/flox^ mice by tamoxifen injection ([@bib29]). As compared with the tamoxifen-injected littermate controls (do not express MerCreMer), the *p110-β*--deleted hearts displayed deficiency in autophagosome formation upon TAC ([Fig. 9 A](#fig9){ref-type="fig"}). In agreement with this observation, the MCK-*Cre*; GFP-LC3; *p110-β*^flox/flox^ and their littermate control mice were also subjected to TAC. The procedure induced a marked increase in the number of GFP-LC3 puncta in β^+/+^ hearts, whereas very few GFP-LC3 puncta were observed in β^−/−^ hearts after TAC ([Fig. 9 B](#fig9){ref-type="fig"}). Taken together, these results indicate that p110-β is a positive regulator of autophagy in vivo.

![**p110-β is required for autophagy induced by pressure overload in the heart.** (A) At 8 wk of age, MerCreMer;*p110-β*^flox/flox^ mice and their littermate *p110-β*^flox/flox^ controls were injected with 1 mg tamoxifen intraperitoneally daily for 28 d. 4 wks later, transverse aortic constriction (TAC) or sham operation was performed on these tamoxifen-injected mice. 33 d later, hearts were harvested and sections were prepared for electron microscopy. Representative images are shown for each group of mice. Note the dramatic induction of autophagosomes in the β^+/+^ heart, which is absent in the β^−/−^ heart. (B) TAC or sham operation was performed on 10--12-wk-old MCK-*Cre*;GFP-LC3;*p110-β*^flox/flox^ mice and their littermate GFP-LC3;*p110-β*^flox/flox^ controls. 7 d later, hearts were harvested and frozen sections prepared. GFP-LC3 puncta in the heart sections were visualized under a deconvolution fluorescence microscope. Representative images with the same magnification are shown for each group of mice. Bar, 20 µm.](JCB_201006056_GS_Fig9){#fig9}

Discussion
==========

Class IA PI3Ks are critical regulators of a wide variety of cellular functions. Their most prominent biological activity is to activate the Akt--TOR signaling pathway via the generation of PtdIns(3,4,5)P~3~ ([@bib11]). It is thus predicted that class IA PI3Ks should negatively regulate autophagy. However, the direct involvement of class IA PI3K in autophagy has not been addressed. Here, we provide evidence showing that the p110-β catalytic subunit, but not p110-α, can function as a positive regulator of autophagy. It promotes autophagy by facilitating PtdIns(3)P generation, possibly in the localized compartment together with the autophagy-essential Vps34--Vps15--Beclin 1--Atg14L complex ([Fig. 10](#fig10){ref-type="fig"}). This autophagy-promoting role of p110-β is not tissue specific, as compromised autophagy was observed in β^−/−^ MEF, liver, and heart, and overexpression of p110-β resulted in enhanced autophagy in multiple cell lines.

![**Schematic model for p110-β in the regulation of autophagy.** Growth factors activate membrane receptors (such as RTK and GPCR), which recruit p85-p110 and stimulate the production of PtdIns(3,4,5)P~3~, which in turn activates the Akt--TOR pathway and inhibits autophagy. On the other hand, p110-β (but not p110-α) localizes in the autophagy-promoting complex that contains Rab5, Vps34, Vps15, Beclin 1, and Atg14L. The complex produces PtdIns(3)P and facilitates the formation of autophagosomes.](JCB_201006056_RGB_Fig10){#fig10}

Our observation does not contradict the role of the Akt--TOR pathway on autophagy regulation. Rather, we find that p110-β promotes autophagy independently of Akt--TOR signaling, and may be through the enhanced generation of cellular PtdIns(3)P. This theory would suggest that although p110-β is classified as a class IA PI3K, it can promote the generation of PtdIns(3)P, which is a well-recognized product of the class III PI3K Vps34. We find here that p110-β may act as a scaffold, independently of its kinase activity, within the Rab5--Vps34--Vps15--Beclin 1 complex to promote the catalytic activity of Vps34 ([Figs. 4](#fig4){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"}). Indeed, the scaffold function of p110-β has been noticed. The kinase-deficient p110-β mutant was able to correct some defects of β^−/−^ cells in cell growth, ribosomal protein S6 phosphorylation, endocytosis, and EEA1 endosomal recruitment ([@bib9]; [@bib17]). The kinase-deficient p110-β knock-in rescued the embryonic lethality of β^−/−^ mice ([@bib9]). In line with these studies, our findings not only uncover a novel function of p110-β, but also provide new insights into the biological relevance of its kinase-independent activity.

Although our findings point to the importance of the scaffold function of p110-β, we cannot exclusively rule out the possibility that its kinase activity also contributes to promoting PtdIns(3)P generation and autophagy. In addition to transducing receptor signals by producing PtdIns(3,4,5)P~3~, p110-β is also known to produce PtdIns(3)P in the Rab5-containing environment, by association with a protein complex containing PtdIns 4- and 5-phosphatases that dephosphorylate PtdIns(3,4,5)P~3~ generated by p110-β ([@bib41]). The currently recognized source of PtdIns(3)P for autophagy has been attributed to Vps34. However, a recent report shows that *vps34*^−/−^ sensory neurons are defective in endolysosomal pathway although capable of autophagosome formation ([@bib49]). This suggests a Vps34-independent mechanism of PtdIns(3)P production, which may be fulfilled by other PI3Ks and phosphatases, including p110-β. Further studies, such as the generation of cells and/or animals doubly deficient in Vps34 and p110-β, will help to clarify this issue.

Our finding broadens the complexity of PI3K functions in metazoans. Yeast, a unicellular eukaryotic organism, only possesses the class III PI3K Vps34 that regulates membrane trafficking and autophagy ([@bib11]; [@bib2]). In addition to evolutionarily conserved class III PI3K, class I PI3Ks that transduce signals from cell surface receptors and activate Akt--TOR pathways have evolved in multicellular organisms ([@bib11]). Among various p110 isoforms in metazoans, the ubiquitously expressed p110-α and -β isoforms share similar yet distinct roles. Although both isoforms respond to membrane receptor signals, the p110-α isoform is involved mostly in RTK-mediated Akt signaling, whereas p110-β has been found to have distinct activity in GPCR-mediated Akt activation ([@bib47]; [@bib14]; [@bib17]). Together with previous reports, our observations suggest that while p110-β regulates receptor-mediated cell activation by producing PtdIns(3,4,5)P~3~ as a lipid kinase, it can also promote endocytosis and autophagy as a scaffold-modulator of class III PI3K activity. Our results indicate that class I PI3Ks are not only mediators of cell activation, but are also critical regulators in maintaining cellular homeostasis. This provides additional evidence for the functional evolution of class I PI3Ks in metazoans. Our demonstration of an autophagy-promoting function of p110-β suggests a new perspective for understanding the physiological and pathological roles of PI3Ks in metabolism, tissue homeostasis, and cancer development.

Materials and methods
=====================

Mice
----

p110-α^+/+^, p110-α^−/−^, p110-β^+/+^, and p110-β^−/−^ mice were described previously ([@bib29]). Beclin 1--EGFP knock-in mice were described elsewhere ([@bib48]). GFP-LC3 transgenic mice ([@bib32]) were gifts from Dr. Noboru Mizushima (Tokyo Medical and Dental University, Tokyo, Japan). Albumin-Cre mice were purchased from The Jackson Laboratory. For fasting studies, mice were deprived of food while having free access to water. All mice were experimented in compliance with the Stony Brook University Institutional Animal Care and Use Committee guidelines.

Cell lines, culture, and transfection
-------------------------------------

Primary mouse embryonic fibroblasts (MEFs) were generated from d 14--17 embryos from p110-α (flox^+/−^) or p110-β (flox^+/−^) matings ([@bib29]). Early passage MEFs were immortalized by transfection of SV40 large T antigen--encoding plasmid. Immortalized MEFs were infected with either adenoviral GFP to generate α^+/+^ or β^+/+^ MEFs, or adenoviral Cre-GFP to generate α^−/−^ or β^−/−^ MEFs.

MEFs, HEK293, 293T, BMK, and HeLa cells were cultured in DME supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 µg/ml streptomycin (Invitrogen), and transfected by Lipofectamine 2000 (Invitrogen). MCF10A cells were cultured in DME/F12 (Invitrogen) supplemented with 5% horse serum (Invitrogen), 20 ng/ml EGF (Sigma-Aldrich), 0.5 mg/ml hydrocortisone (Sigma-Aldrich), 100 ng/ml cholera toxin (Sigma-Aldrich), 10 µg/ml insulin (Sigma-Aldrich), 100 units/ml penicillin, and 100 µg/ml streptomycin.

Plasmids
--------

GFP-LC3 constructs were described previously ([@bib44]). The bicistronic Myc--Vps34--V5--Vps15 ([@bib46]) is a gift from Dr. Jonathan Backer (Albert Einstein College of Medicine, Bronx, NY). Beclin 1--GFP and GFP-Atg14L have been described previously ([@bib48]). GFP-DFCP1 is a gift from Dr. Nicholas Ktistakis (Babraham Institute, Cambridge, UK; [@bib1]). mCherry--GFP-LC3 is a gift from Dr. Terje Johanson (University of Tromsø, Tromsø, Norway; [@bib35]). CMV 3×Flag constructs expressing Flag--p110-β have been described previously ([@bib3]). The retroviral LPC--p110-β was generated by cloning the p110-β fragment from CMV 3×Flag--p110-β into retroviral LPC vector. GFP-FYVE and GFP-Rab5 constructs are gifts from Dr. Deborah Brown (Stony Brook University, Stony Brook, NY).

Reagents and antibodies
-----------------------

DME, glucose-free DME, Hank's buffer, and LysoTracker red were purchased from Invitrogen; tunicamycin, E64D (used at 10 µg/ml), Akt inhibitor (Akti) from EMD; pepstatin A (used at 10 µg/ml), rapamycin, Ponceau S, and 3-methyladenine (3-MA, used at 1 mM) from Sigma-Aldrich; and etoposide from Takara Bio Inc. TGX-221 was described previously ([@bib29]). The reagent concentrations are indicated in figure legends.

The following antibodies were used: rabbit polyclonal GFP, Atg14L, and Rubicon ([@bib48]). Phosphotyrosine peptide-conjugated agarose, p85, p110-α, and p110-β antibodies were described previously ([@bib29]). The following antibodies were purchased commercially: p110-β (1:1,000 for WB, 1:50 for IP; Cell Signaling Technology), p62/SQSTM1 (1:100,000; Abnova), LC3 (1:500, Novus Biologicals; 1:500, Cell Signaling Technology; and 1:1,000, MBL), ubiquitin (1:1,000, P4D1; Covance), β-tubulin (1:2,000; Sigma-Aldrich), Vps34 (1:250, Echelon Biosciences; 1:250, Cell Signaling Technology), GFP (1:5,000; Santa Cruz Biotechnology, Inc.), Myc (9E10, 1:500 for WB; Invitrogen), V5 (1:4,000 for WB, 1 µg/ml for IP; Invitrogen), Beclin 1 (1:1,000 for WB and 1 to 2 µg/ml for IP; Santa Cruz Biotechnology, Inc.), rabbit IgG (American Qualex), p-Akt 308 and 473 (1:1,000; Cell Signaling Technology), Flag (M2, 1:2,000 for WB and 1:150 for IF; Sigma-Aldrich), Atg5 (1:500; Abgent), UVRAG (1:1,000; MBL), PtdIns(3)P (Echelon Biosciences), PtdIns(3,4,5)P~3~ (Echelon Biosciences), and Alexa 594--conjugated anti--mouse secondary antibody (1:500 for IF; Invitrogen).

Retroviral and lentiviral infection
-----------------------------------

Stable cell lines were generated by retroviral infection. Retrovirus infection was performed as described previously ([@bib44]). The lentiviral sh--p110-β construct was purchased from Sigma-Aldrich. 5 × 10^5^ HEK293T cells were plated into a 6-well plate. After overnight recovery, cells were transfected with LPC-retroviral constructs together with helper virus construct, or lentiviral constructs and packaging plasmids. 24 h after transfection, the supernatant containing viral particles was supplemented with 10 µg/ml polybrene (Sigma-Aldrich), and filtered through a 0.45-µm filter. The supernatant was incubated with recipient cells in a 6-well plate. Infections were repeated twice, at 12- and 24-h intervals. For retrovirus-generated stable cell lines, 3 d after the first infection, infected recipient cells were selected with puromycin (InvivoGen).

Electron microscopy
-------------------

Samples were processed as described previously ([@bib13]; [@bib44]), with slight modification. Tissue samples were collected freshly and fixed in 4.0% PFA, 2.5% EM grade glutaraldehyde in 0.1 M PBS, pH 7.4. Cell samples were fixed in 2.5% EM-grade glutaraldehyde in 0.1 M PBS, pH 7.4. After fixation, samples were placed in 2% osmium tetroxide for tissues and 1% for cells in 0.1 M PBS, pH 7.4, dehydrated in a graded series of ethyl alcohol, and embedded in epon resin for tissues and Durcupan resin for cells. Ultra-thin sections of 80 nm were cut with an ultramicrotome (UltracutE; Reichert-Jung) and placed on formvar-coated slot copper grids. Sections were counterstained with uranyl acetate and lead citrate, and viewed with an electron microscope (Tecnai12 BioTwinG2; FEI). Images were acquired with a CCD digital camera system (model XR-60; Advanced Microscopy Techniques Corp.).

GFP-LC3 puncta observation and quantification
---------------------------------------------

Quantification of GFP-LC3 was performed as described previously ([@bib44]). In brief, cells expressing GFP-LC3 were treated and fixed in 4% PFA in PBS and observed under an inverted microscope (Axiovert 200M; Carl Zeiss, Inc.) using the 63× oil objective. 50--200 cells were randomly selected and counted for autophagy induction. The cells with more than 10 green puncta and less nuclear GFP signal were considered autophagic. Quantification was performed independently by Z. Dou and J.-A. Pan.

For cryosections, the tissue was embedded directly in Optimal Cutting Temperature Compound (Sakura), stored at −80°C, and sectioned into 6-µm sections. GFP-LC3 and Beclin 1--GFP puncta were observed and imaged under an inverted microscope (Axiovert 200M; Carl Zeiss, Inc.) using the 63× oil objective.

Measurement of long-lived protein degradation
---------------------------------------------

MEFs (10^5^) were plated into a 12-well plate. After overnight recovery, the cells were labeled with 0.5 µCi/ml ^14^C-[l]{.smallcaps}-valine in [l]{.smallcaps}-valine--free medium (Invitrogen). 24 h after labeling, cells were washed three times with PBS, and incubated in complete medium plus 10 mM unlabeled [l]{.smallcaps}-valine for 24 h to chase out short-lived proteins. The cells were washed again for three times with PBS, and cultured either in complete medium or in serum-free medium, both containing 10 mM unlabeled [l]{.smallcaps}-valine. The supernatant was taken at indicated time points, and precipitated with ice-cold trichloroacetic acid (TCA) at a final concentration of 10%. The TCA-soluble radioactivity was measured by liquid scintillation counting. At the end of the experiments, cells were precipitated with 10% ice-cold TCA, washed with 10% TCA, and dissolved in 0.2 N NaOH, and the radioactivity was measured. The degradation of long-lived protein was calculated by the radioactivity in TCA-soluble supernatant normalized against the total ^14^C-radioactivity present in supernatants and cell pellets.

Flow cytometry
--------------

For PtdIns(3)P and PtdIns(3,4,5)P~3~ flow cytometry analysis, 10^6^ MEFs were washed with FACS buffer (PBS with 1.5% FBS) and fixed in 100 µl 1% PFA in PBS for 10 min at room temperature. After incubation with 0.03% saponin in PBS, cells were incubated with primary antibodies diluted in PBS with 0.3% saponin and 20% goat serum, for 30 min at 4°C. After another wash with 0.03% saponin in PBS, fluorophore-conjugated secondary antibodies were added to samples for 30 min at 4°C. The cells were washed twice with 0.03% saponin in PBS, once with FACS buffer, and resuspended in 0.5 ml FACS buffer. The samples were analyzed using a flow cytometer (FACSCalibur; BD).

Protein--lipid overlay assay
----------------------------

Total cellular PtdIns(3)P measurement was performed using the PI(3)P Mass Strip kit (Echelon Biosciences). MEFs with ∼80% confluency in 10-cm plates were harvested by trypsinization. 5--10% of the total cells were lysed, and the protein concentration determined by the BCA Protein Assay kit (Thermo Fisher Scientific). Cells with equal amounts of total protein were subjected to lipid extraction and protein--lipid overlay analysis following the manufacturer's protocol. PtdIns(3)P samples and standards were visualized by ECL (Thermo Fisher Scientific) and quantified by ImageJ software (NIH, Bethesda, MD).

Immunoprecipitation
-------------------

Cells were lysed with lysis buffer (20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgCl~2~, 1 mM CaCl~2~, 100 mM NaF, 10 mM sodium pyrophosphate, 100 µM orthovanadate, 1% NP-40, 10% glycerol, and 200 µM PMSF) supplemented with protease inhibitor complex (Roche). Cell lysates were centrifuged at 17,000 *g* for 10 min; 500 µg to 1 mg of soluble protein was incubated with primary antibodies overnight at 4°C, with concentrations described in the Reagents and antibodies section. Protein A-- or G--agarose (Roche) was added and incubated at 4°C for 1 h. The Myc and Flag immunoprecipitations were performed using anti-Myc or anti-Flag antibody-conjugated agarose (Sigma-Aldrich) following the manufacturer's protocols. The precipitates were then washed 4--5 times with lysis buffer, boiled with 1× protein loading dye, and subjected to Western blotting.

Immunofluorescence
------------------

Cells were fixed in 4% paraformaldehyde (PFA) in PBS for 20 min at room temperature. Cells were washed twice with PBS, and permeabilized with 0.1% Triton X-100 in PBS for 10 min. After washing two times, cells were blocked in 5% goat serum in PBS overnight at 4°C. Primary antibodies were incubated with 5% goat serum in PBS overnight at 4°C. Cells were washed four times with PBS containing 0.1% Tween 20 (PBST), followed by incubation with fluorophore-conjugated secondary antibody in 5% goat serum in PBST for 1 h at room temperature. Cells were then washed four times in PBST, and incubated with 1 µg/ml DAPI in PBS for 5 min. Cells were washed twice with PBS, and mounted with Immu-Mount (Thermo Fisher Scientific). The slides were observed and imaged using a two-photon laser scanning confocal microscope (LSM 510 META NLO; Carl Zeiss, Inc.), or an inverted microscope (Axiovert 200M; Carl Zeiss, Inc.).

PI3K activity assays
--------------------

For Vps34 kinase assays, HEK293T cells were transfected with indicated plasmids. 48 h after transfection, cells were harvested, and cell pellets were washed with 5 ml ice-cold PBS and 5 ml ice-cold wash buffer (20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgCl~2~, 1 mM CaCl~2~, 100 mM sodium fluoride, and 10 mM sodium pyrophosphate). Vps34 activity lysis buffer (20 mM Tris, pH 7.5, 137 mM NaCl, 1 mM MgCl~2~, 1 mM CaCl~2~, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 100 µM orthovanadate, 1% NP-40, 10% glycerol, and 200 µM PMSF) was added and the cells were kept on ice for 10 min with frequent vortexing, followed by centrifugation at 18,000 *g* for 10 min at 4°C. Protein concentration of the supernatant was determined by Bradford assays (Bio-Rad Laboratories). Equal amounts of supernatant protein were gently mixed at 4°C overnight with Myc antibody-conjugated agarose (Invitrogen) or rabbit polyclonal GFP antibody. Protein A--agarose was added to GFP antibody-containing samples with further mixing for 2 h at 4°C. The beads were washed three times with 1 ml of lysis buffer for 5 min at 4°C, followed by two washes with 1 ml of Vps34 assay buffer (50 mM Hepeps, pH 7.5, 100 mM NaCl, 2 mM dithiothreitol, and 1 mM EGTA) without dithiothreitol. 75% of the beads were suspended in 40 µl of Vps34 assay buffer. Kinase assays were started by adding 5 µl of 2 mg/ml [l]{.smallcaps}-α-phosphatidylinositol (Sigma-Aldrich) sonicated in Vps34 assay buffer and 5 µl of reaction mix containing 400 µM ATP, 50 mM MnCl~2~, and 0.25 µl of γ-\[^32^P\]ATP (3,000 Ci/mmol; PerkinElmer) per assay in Vps34 assay buffer. Tubes were heated at 30°C for 15 min with shaking. The reactions were stopped with 120 µl of CHCl~3~/CH~3~OH/HCl (10:20:0.2) and the tubes were put on a shaker for 10 min. After centrifuging for 5 min, 15 µl of the lower phase was spotted onto a silica gel thin-layer plate, and the reaction product was separated by chromatography for 1.5 h in CHCl~3~/CH~3~OH/NH~4~OH/H~2~O (86:76:10:14). Radioactive spots containing PtdIns(3)P were visualized by autoradiography, cut out of the plate, and quantified by scintillation counting. The other 25% of beads were boiled in SDS sample buffer and subjected to immunoblotting. Signals were quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences). Vps34 activity was calculated as cpm normalized to the amount of Vps34 immunoprecipitated.

For p110-β kinase assays, recombinant p110-β/p85α protein (Millipore) in 40 µl of PI3K assay buffer (20 mM Hepes, pH 7.5, 100 mM NaCl, and 0.5 mM EGTA) was mixed with 5 µl of 10 mg/ml [l]{.smallcaps}-α-phosphatidylinositol sonicated in PI3K assay buffer and 5 µl of reaction mix containing 400 µM ATP, 100 mM MgCl~2~, and 0.25 µl of γ-\[^32^P\]ATP per assay in PI3K assay buffer. Tubes were heated at 25°C for 20 min with shaking. The reactions were stopped and reaction products were analyzed as described above.

Transverse aortic constriction
------------------------------

Mice were anesthetized with 80 mg/kg ketamine and 10 mg/kg xylazine given intraperitoneally. The skin was cleaned with an iodine solution, and the operation was performed under sterile conditions. The surgical procedure was performed as described previously ([@bib16]) with modifications. In brief, mice were placed in a supine position and a horizontal skin incision ∼1.0 cm in length was made at the level of the suprasternal notch. A 3--5-mm longitudinal cut was made in the proximal portion of the sternum. This allowed visualization of the aortic arch under low-power magnification. A wire with a snare on the end was passed under the aorta between the origin of the right innominate and left common carotid arteries. A 6-0 silk suture was snared with the wire and pulled back around the aorta. A bent 27-gauge needle was then placed next to the aortic arch, and the suture was snugly tied around the needle and the aorta. After ligation, the needle was quickly removed and the skin was closed. The sham procedure was identical except that the aorta was not ligated.

Statistics
----------

Student's *t* test was used to compare the differences between two groups. For comparison between more than two groups, one-way ANOVA with Tukey's post-hoc test was used. Significance was judged when P \< 0.05.

Image processing and densitometry measurement
---------------------------------------------

Images taken from deconvolution and confocal microscopes were viewed and processed by AxioVision LE and Zeiss LSM image browser, respectively. Images were processed in Adobe Photoshop to enhance the brightness and contrast. Densitometry of immunoblot bands was determined by ImageJ software, unless otherwise indicated.

Online supplemental material
----------------------------

Fig. S1 shows the validation of p110-α^−/−^ and p110-β^−/−^ MEFs. Fig. S2 shows that p110-β positively regulates autophagy in HEK293 cells. Fig. S3 shows that autophagy is not impaired in p110-α^−/−^ MEFs. Fig. S4 shows that p110-β does not affect the steady-state levels of several key autophagy proteins, but is required for the early stage of autophagosome formation. Fig. S5 shows that p110-β is essential for starvation-induced Beclin 1 puncta in the liver. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201006056/DC1>.
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